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Introduction
Heavy metals that serve as micronutrients (for example Zn, Ni, Mn, Fe and Cu) function as cofactors in many biological processes (Hall and Williams, 2003; Broadley et al., 2007) . Therefore, in plants growing under nutrient-deficient conditions, mechanisms are initiated to cope with and adapt to the stress this can impose (Williams and Salt, 2009 ; Assunção et al. 2010; Nazri et al. 2017 ). These include increasing the efficiency of metal uptake from the soil solution, efflux from intracellular stores such as the vacuole, or redistribution of micronutrients from the older organs to support young developing tissues (Sperotto et al. 2014 ). Plants must also combat toxic effects of elevated heavy metal levels, whether this be micronutrients present in higher than required concentrations or none-essential elements such as Cd, Hg, or Pb that occur as environmental pollutants. Plants have a variety of ways of protecting sensitive cellular metabolic sites from metal excess. These include binding to sites in the cell wall or to chelators within the cytoplasm, regulating metal uptake at the plasma membrane, and sequestration of excess metals in internal stores (primarily vacuoles but also the Golgi) The ZIP (ZRT-, IRT-like proteins) transporters belong to one of the principal metal transport families involved in the regulation of a plant metal homeostasis. This name is based on their sequence similarity to the Zn regulated transporters (ZRT) and
Fe regulated transporters (IRT) from yeast. They can transport a variety of heavy metals, primarily Zn but also Fe, Mn, Cu and Cd, depending on the particular transporter. ZIPs are generally found at the plasma membrane but have also been detected at other membranes. Those mediating transport of metal ions into the cytoplasm (either from the apoplast or from cellular organelles) contribute to a tightly controlled system to balance the uptake, utilization and storage of metal ions (Guerinot. 2000; Sinclair and Krämer 2012) . In Arabidopsis 15 ZIPs have been identified (Grotz Little is known about the involvement of ZIP proteins in the accumulation of Zn in cells from plants exposed to high metal concentrations. AtZIP6 has been reported to be up-regulated in the roots by Zn excess (Wintz et al. 2003) . Thus, there are ZIP transporters that are possibly involved in the accumulation of high amounts of Zn (and other metals) by plants exposed to metal excess, although they have yet to be identified and fully characterized.
Recently, we showed that NtZIP11-like from tobacco was upregulated in the leaves of plants exposed to high Zn, suggesting a role in response to Zn-toxicity stress (Papierniak et al., 2018 Collected plant samples were immediately frozen in the liquid nitrogen and stored in -80 0 C until expression analysis.
Regulation of NtZIP11 expression by Zn-deficiency and Zn-excess
Three-week old tobacco plants (three weeks on plates) were grown on control medium for 2.5 weeks. To determine if NtZIP11 expression depends on Zn availability, plants were subsequently subjected to the following Zn regimens: (a) excess Zn for one day (50 µM); (b) Zn deficit for four days (Zn was not added to the basic medium); (c) resupply of control conditions (for two days) to plants grown at Zn deficit for four days.
In parallel plants were grown under control conditions.
Plant material was collected and pooled from a total of 10 plants, immediately frozen in the liquid nitrogen and stored in -80 0 C till expression analysis. At the end of each experiment, the leaf blades and chosen sectors of the roots were collected. For leaves, the blades of the 2 nd and 3 rd leaf (counting from the base) without petioles and the major midribs were collected. For roots, 3-4 cm of the apical part, and 3-4 cm of the basal one were collected. Adventitious roots were cut out as they were not included into analysis. The experiment was done in three independent biological replicates.
Expression of NtZIP11 in leaves
Three-week old tobacco plants (three weeks on plates) were grown on liquid control medium for 2.5 weeks. Afterwards they were transferred to 2 L pots (2 plants per pot) to the medium containing the following Zn concentrations for the consecutive three weeks: 0.5 µM Zn (control); 10 μM Zn; 50 μM Zn and 200 μM Zn. The nutrient solution was changed every 3-4 days, except that during the last 18 days of exposure the medium was renewed every second day.
The leaves of plants exposed to a range of Zn concentrations were examined for the expression level of NtZIP11 and for Zn concentration. At the end of treatment, all leaves were removed from the stem. They were collected in groups of two consecutive leaves counting from the base. Each leaf was divided into two halves, and the mid vein was removed. One half was frozen in liquid nitrogen for expression analysis while the second one was dried (55 0 C, 3 days) for determination of Zn concentration, and material from each pair of leaves was pooled. The experiment was performed in three biological replicates. For each replicate, material for each treatment was collected from 8 plants. including exons, introns, adenylation and transcription start sites, was obtained (AWOK01S219909). On the basis of the results generated by Fgenesh, primers were designed for the amplification of the NtZIP11 sequence (Table S1 ).
Cloning of NtZIP11 and generation of constructs for functional analysis

Generation of the construct for yeast complementation
A full-length sequence of NtZIP11 was amplified using Phusion HF polymerase (Thermo Scientific) with cDNA transcribed from total RNA isolated from tobacco leaves (as described in section 2.5). Primers were designed to introduce XbaI and BamH sites (Table S1) 
Generation of the construct for determination of the subcellular localization of NtZIP11
Gateway cloning was used to generate a construct for subcellular localization (Curtis and Grossniklaus, 2003) . Topo cloning into pENTR™⁄D-TOPO® (Invitrogen
was carried out using primers to the coding region of NtZIP11 with a CACC sequence in the forward primer (Nt9909_pENTR_start and Nt9909_pENTR_stop; Table 1 ).
Subsequently the LR clonase reaction was used to generate pMDC43-GFP-ZIP11, which attaches a GFP to the N-terminus of ZIP11. This was sequenced (Genomed, 
Isolation of RNA
Plant material stored in -80 0 C was used for the total RNA extraction. It was performed with the use of an RNeasy Plant Kit (Syngen, #SY341010) according to the manufacturer's recommendations. Obtained samples were digested with DNase I (Invitrogen, #18068015). RNA concentration and purity (the 260/280-nm ratio showed expected values between 1.8 and 2.0) were determined with a Nanodrop spectrophotometer ND 100 (Nanodrop, Willmington, DE, USA) before and after DNA digestion. To confirm the RNA integrity, samples were electrophoresed in 1% agarose gel containing EtBr.
Determination of the transcript level
Quantitative Real-time PCR (qRT-PCR) was used to determine gene expression.
Analysis was performed according to Kendziorek 
analysis was measured and shown in Figure S1 . Quantification of the relative transcript levels was performed using the comparative dCt (threshold cycle) method (Livak and Schmittgen, 2001). More detailed description is given in the Supplementary Methods.
Determination of Zn concentration
Plant samples were dried in an oven at 55°C until constant biomass. Acid digestion was performed in 65% HNO3 and 39% H2O2 
Yeast complementation assay
The constructs pUG35-NtZIP11-EGFP, pUG35-NtZIP11, pUG36-EGFP-NtZIP11 (described in subsection 2.2.1) as well as empty vectors pUG35 and pUG36
were transformed into yeast in accordance to the lithium acetate method (Gietz and Schiestl, 2007) . In this study three Saccharomyces cerevisiae strains were used: (i) the wild-type DY1457 (MATa, ade1 can1 his3 leu2 trp1 ura3), (ii) the mutant ZHY3 - Yeast growth was monitored for the next 5-7 days. 
Complementation of mutation in Fe uptake
The fet3/fet4 yeast strain with the expression of pUG35, pUG35-NtZIP11, pUG35-NtZIP11 -EGFP, pUG36 or pUG36-EGFP-NtZIP11 as well as WT (DY1457) with the expression of pUG35 or pUG36 (empty vectors) were grown on a plates containing agar-solidified SC-URA-MET/Glu medium containing 50 μM, 100 μM Fe (as FeCl3).
Sensitivity to Zn, Fe, Mn and Cd
The 
Results
Isolation of NtZIP11 cDNA
The Figure S3 ). Between TMD III and IV a hydrophilic region directed toward the inside surface of the membrane was found. This is consistent with known characteristics of ZIP genes (Eng et al., 1998; Guerinot, 2000) . The newly identified tobacco homologue of AtZIP11 was cloned, sequenced, and named NtZIP11, according to its similarity to ZIP11 from A. thaliana and other organisms ( Figure S3 ).
Phylogenetic analysis of NtZIP11
A comparison was performed between the NtZIP11 amino acid sequence and known ZIPs from tobacco, A. thaliana, Vitis vinifera and two from Poncirus trifoliate (PtZIP2 and PtZIP11). For tobacco, all sequences annotated in the NCBI database were taken into consideration. The resulting phylogenetic tree ( Figure 1) showed that NtZIP11 formed a distinct clade with other ZIP11 proteins. However, the highest homology was observed between newly cloned NtZIP11 and NsZIP11, NaZIP11, NtomZIP11, which reached 99.7%, 97.4% and 96.5%, respectively (Table S2) .
Interestingly, high homology has also been detected between ZIP11 and ZIP2 proteins, which share 66.1-54.4 % identity (Table S2) , and these formed a sub-cluster ( Figure 1) .
The ZIP11 proteins from tobacco, Arabidopsis, P. trifoliate and V. vinifera share sequence conservation. Multiply sequence alignment showed that NtZIP11 does not have histidine residues within the region between the TMD III and IV ( Figure S3 ), which is typical to known ZIP11 proteins. They do not have histidines or have only a few (VvZIP11 has one histidine, PtZIP11 has three). Similarly, ZIP2 proteins also contains only two his residues. Thus, except ZIP2 and ZIP11 proteins, the hydrophilic region between spanners III and IV designated the "variable region", contains a potential metal-binding domain rich in histidine residues (HRD -Histidine Rich Domain). It is present in other ZIP proteins used for alignments. Interestingly, in ZIP11
and also in ZIP2 proteins, there are additional his residues within the N-terminal end and in the TM domain VII, which are missing in other ZIPs used for comparison ( Figure S3 ).
NtZIP11 is a plasma membrane protein
After 3 days from the infiltration of tobacco leaves with the suspension of A.
tumefaciens containing pMDC-GFP-NtZIP11, the fluorescence of the GFP-ZIP11 fusion protein was observed in the plasma membrane ( Figure 2 ) of the epidermal cells.
Due to the fact that the primary cell wall and adjacent plasma membrane are not distinguished by confocal light microscopy, the green signal from the GFP (Figure 2A) and red signal from cell wall stained with the propidium iodide ( Figure 2B ) overlapped ( Figure 2C ). Accordingly, the co-localization of the signals derived from GFP and from propidium iodide suggests that NtZIP11 is located in the plasma membrane ( Figure 2A ) confirms that this transporter localises to the plasma membrane. Further to determine the Zn transport ability of NtZIP11, analysis of growth of the wild-type DY1457 strain with and without the expression of all the constructs on media supplemented with high Zn concentrations was performed ( Figure 3B ). The expression of pUG35-NtZIP11 rendered the line more sensitive to high Zn, which suggests enhanced uptake of this metal which then caused toxicity.
Heterologous expression of NtZIP11 in yeast
NtZIP11-like does not mediate the transport of Fe, Mn and Cd
To test the ability of NtZIP11 protein to transport Fe, complementation of the 
Expression of NtZIP11 in younger and older plants
To learn about the possible role that NtZIP11 plays in tobacco, the expression pattern was investigated in selected organs (leaves, roots and stem) of younger and older plants grown at the control conditions ( Figure 4 ). The transcript level was extremely low in young 4-week old seedlings especially in the roots with higher level in the leaves. Expression increased as plants developed with higher levels in 9-week old plants; the highest level was detected in the above-ground partsin stems and in the leaves. Lower transcript abundance was noted in the roots, and there was little difference in levels in different regions of the root.
Determination of NtZIP11 expression in response to low-to-high Zn
concentrations.
The relative transcript levels of NtZIP11 were investigated in plants grown under either Zn excess (50 µM for one day), Zn-deficiency and Zn-replete conditions (two days of control medium followed by four days of Zn deficit). NtZIP11 expression was significantly upregulated in leaves of plants grown at high 50 μM Zn ( Figure 5A ). No significant difference was observed in the transcript abundance between the control and experimental plants for all other treatments ( Figure 5A,B) . The results obtained ( Figure   5A ) pointed to a specific role of NtZIP11 in the response of leaves to high Zn. To investigate this further, Zn levels and the expression of NtZIP11 was determined in leaves of 8.5-week old plants grown for 3 weeks on control medium and on medium supplemented with 10, 50 and 200 μM Zn. Plants exposed to 10 and 50 μM Zn developed similarly to those grown on the control medium (their height was at the similar level and all had 10 leaves); however, the leaves of those exposed to 50 μM Zn were darker green. In the presence of 200 μM Zn, growth was inhibited; plants were smaller and the number of leaves was reduced to 8 ( Figure S4 ).
Under control conditions, the Zn concentration was the highest in the youngest leaves. In the 4 th and 5 th pair of leaves (closest to the shoot apex) it was 3-fold higher compared to the oldest ones (the 1 st and 2 nd pair closest to the base of a plant). Such an increase in Zn concentration in the youngest leaves was also detected in plants exposed to the highest Zn levels (200 μM Zn), but not at 10 and 50 μM Zn ( Figure 6 ).
The transcript level of NtZIP11 in leaves grown on control medium and on medium containing 10 μM Zn was lower in the older leaves (first two pairs of leaves) compared with the younger ones (those close to the shoot apex). The opposite trend was noted as the Zn concentration increased in the medium, and in plants exposed to 200 μM Zn the
highest expression level was found in the oldest leaves (two pair of leaves close to the base of a plant) ( Figure 7 ).
Discussion
The role of ZIP11 genes in plants has not yet been clearly determined. Only a few have been cloned from plants to date and these have not been fully characterized. Figure S3 ). Phylogenetic analysis shows that there are two closely related sub-branches within the same clade; one with ZIP11 and the second with ZIP2 proteins from different species (Figure 1 ). The highest homology at the protein level was found between the NtZIP11-like and NsZIP11, NaZIP11, NtomZIP11
(99.71%, 97.39%, 96.52%, respectively). Identity with AtZIP11 was lower (66.14%).
The level of homology between the NtZIP11 and ZIP2 proteins used for analysis falls in the range of 63.38 -54.4 % (Table S2) .
Up to now, the TMD IV (with its fully conserved histidyl and glycyl residues) together with the TMD V containing conserved histidine, were proposed to perform the Figure S3 ). Thus, the role of missing metal transport sequence HXHXH in the HRD of the cytoplasmic loop of ZIP11 and ZIP2 proteins might be partially replaced by the presence of histidine in the TMD VII and TMD VIII. The structure of these transport proteins within a membrane is unknown and it cannot be excluded that the role of TMD VII and TMD VIII is not only to anchor the protein but also in the process of metal transfer.
The ZIP proteins, known to mediate transport of several metals including Zn, Mn, Fe, and also non-essential Cd across membranes, have a variety of functions in plants related to the regulation of metal cross-homeostasis (Guerinot, 2000; Lin and Aarts, 2012). Yeast complementation analysis suggests that NtZIP11 localized at the plasma membrane ( Figure 2 ) plays a role in Zn uptake, as it complements the zrt1zrt2 yeast mutant and confers sensitivity of the DY1457wild-type to high Zn ( Figure 3A,B ).
Up to now, the only ZIP11 from plants for which the subcellular localization has been established is NtZIP11 (Figure 2 ). Further analysis determined that it does not transport Fe, Mn or Cd ( Figure 3D,F) . Similarly, Milner et al. (2013) showed that Zn and not Fe, Mn or Cu is a substrate for ZIP11 from A. thaliana. but its membrane localization has not been investigated.
Zn is not only the substrate for NtZIP11, its availability determined its transcript abundance. This was increased by high 50 µM Zn specifically in the leaves ( Figure 5A Figure S4 ). From our previous study, it is suggested that the development of necrosis in leaves of plants exposed to high Zn might be a manifestation of a defense mechanism against toxicity of Zn overload (Siemianowski et al., 2013) . The excess is loaded into so called "Zn accumulation parenchyma cells", which with time turn into necrotic regions still keeping Zn inside, protecting neighboring non-accumulating cells from metal toxicity (Siemianowski et al., 2013) . It is possible that NtZIP11 participates in this process and is involved in Zn accumulation specifically in the "Zn-accumulating cells", which might be related to observed upregulation in lower leaves having necrosis ( Figure   7 ; Figure S4 ). Upper leaves did not have necrotic regions and, in these, NtZIP11 expression remained at the control level (Figure 7) . Further detailed analysis is required to identify factors involved in the initiation of this process. Noteworthy, NtZIP11 was first identified while searching for genes involved in accumulation of high Zn in tobacco leaves (Papierniak et al., 2018) .
Conclusions.
Tobacco is a species used for phytoremediation of metal contaminated soil, including Zn, and leaves are the major organs where metals are stored (Herzig et al., 2003; , however the genes responsible for accumulation of Zn in tobacco leaves had not been identified to date. Specific upregulation of NtZIP11 detected in the leaves upon exposure to high Zn, but not in the apical and basal parts of roots ( Figures   5, 7) suggests a primary role of NtZIP11 in the uptake of Zn into the cells of mature leaves exposed to Zn excess. Our data also indicate that NtZIP11 may contribute to maintaining a basal supply of Zn to cells. It was shown that under control conditions there were low stable transcript levels of NtZIP11 in the roots (both segmentsapical and basal), and higher in the above ground parts (stems and leaves) ( Figure 4) .
Similarly, at control conditions, expression of ZIP11 genes from A. thaliana, V. vinifera and P. trifoliate was also noted both in the roots and in the shoot organs (Gainza et al., Table S1 : List of primer sequences used in the study. Expression of the NtZIP11 at two developmental stages.
Plants were grown at the control conditions. Expression of NtZIP11 was determined in 4-week old plants (whole roots and leaves), and in 9-week-old plants (root apex and root base, stem, upper and lower leaves). Transcript level was measured by RT-qPCR and normalized to the PP2A expression level. Values correspond to means ±SD (n=3); Two-fold difference between treatments was considered significant.
Figure 5.
Regulation of the NtZIP11 expression by Zn availability.
Plants grown at the control conditions for 5.5 weeks were subjected to different Zn regimens: (A) 50 µM Zn for 1 day; (B) Zn deficit for 4 days (no Zn added to the basic medium), and replete conditions (resupply of control conditions for 2 days to plants grown at Zn deficit for four days). In parallel, plants were grown at the control medium.
Expression of NtZIP11 was determined in the apical and basal parts of the roots. level. Values correspond to means ±SD (n=3); Two-fold difference between treatments was considered significant.
Figure 6.
Zinc concentration in tobacco leaves.
Plants grown at control conditions for 5.5 weeks were exposed to the following Zn 
Figure 7.
Expression of the NtZIP11 in leaves.
Plants grown at the control conditions for 5.5 weeks were exposed to the following Zn concentrations: 0.5 µM Zn (control); 10 μM Zn; 50 μM Zn; 200 μM Zn for 3 weeks.
Expression of NtZIP11 was determined in leaves collected as groups of two consecutive leaves counting from the base: 1, 2, 3, 4, 5. Transcript level was measured by RT-qPCR and normalized to the PP2A expression level. Values correspond to means ±SD (n=12); Two-fold difference between treatments was considered significant. 
